Development of a thiol-reactive fluorescent probe for the identification of human spermatozoa by Adams, Shannon Michele
Boston University
OpenBU http://open.bu.edu
Theses & Dissertations Boston University Theses & Dissertations
2017
Development of a thiol-reactive
fluorescent probe for the
identification of human
spermatozoa
https://hdl.handle.net/2144/26617
Boston University
 BOSTON UNIVERSITY 
SCHOOL OF MEDICINE 
 
Thesis 
 
DEVELOPMENT OF A THIOL-REACTIVE FLUORESCENT PROBE FOR THE 
IDENTIFICATION OF HUMAN SPERMATOZOA 
 
by 
 
SHANNON MICHELE ADAMS 
B.S., University of Massachusetts, Amherst, 2014 
 
 
Submitted in partial fulfillment of the 
requirements for the degree of 
Master of Science 
2017 
  
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
© 2017 by 
SHANNON MICHELE ADAMS 
All rights reserved 
 
 
 Approved by 
 
 
 
 
 
First Reader  
 Robin W. Cotton, Ph.D. 
Associate Professor, Program in Biomedical Forensic Sciences  
 Department of Anatomy & Neurobiology 
  
  
Second Reader  
 Amy N. Brodeur, M.F.S. 
Assistant Professor, Program in Biomedical Forensic Sciences  
Department of Anatomy & Neurobiology 
  
  
  
 
 
iv 
 
ACKNOWLEDGMENTS 
 First and foremost I would like to thank my thesis committee, Dr. Robin Cotton, 
Professor Amy Brodeur, and Margaret Terrill.  I would like to dedicate a special thanks 
to Dr. Cotton for her never-ending support and patience, without which this project may 
never have been possible.  I would also like to thank Dr. Tarik Haydar for taking time out 
of his busy schedule to help train me with the different microscopes and for help with 
obtaining images for this project. 
 Secondly, I would like to thank my wonderful parents and sister Mike, Sandy, and 
Courtney.  Thank you for supporting me through this journey and for constantly cheering 
me on along the way. 
 Finally, I would like to thank all my friends and loved ones.  I am lucky to have 
you all by my side throughout this endeavor. 
 
v 
DEVELOPMENT OF A THIOL-REACTIVE FLUORESCENT PROBE FOR THE 
IDENTIFICATION OF HUMAN SPERMATOZOA 
 
SHANNON MICHELE ADAMS 
ABSTRACT 
 
 Current methods of identifying semen include preliminary methods such as an 
alternate light source (ALS) and color tests which test for the presence of acid 
phosphatase (AP).  Confirmatory methods for identifying semen include the microscopic 
identification of spermatozoa which typically use staining methods such as the Christmas 
Tree Stain (KPIC) or hematoxylin and eosin stain (H&E).  Other methods include 
immunoassay cards that test for the components of semen such as prostate specific 
antigen (PSA) and semenogelin (Sg).   
 One common fluorescent staining method used to identify the presence of 
spermatozoa is SPERM HY-LITERTM which uses an anti-human sperm-specific mouse 
monoclonal antibody coupled to an AlexaFluor 488 dye.  This causes the entire head of 
the sperm cell to fluoresce when a FITC filter is used.  It also utilizes a 4,6-diamidino-2-
phenylindole (DAPI) fluorescent dye that stains all cell nuclei non-specifically.  This 
allows the analyst to easily identify whether sperm is present in the sample.  A drawback 
of the antibody labeling procedure is that there are many washing and transfer steps that 
can lead to sample loss; thus a need for a new, optimized staining method exists. 
vi 
 During spermiogenesis, protamines replace histones to further condense the DNA 
of the sperm nucleus.  Humans express two proamines, protamine 1 (P1) and protamine 2 
(P2).  The protamines contain an arginine-rich core as well as cysteine residues.  The 
high levels of arginine create a net positive charge that allows for stronger binding to 
DNA.  The cysteine residues allow for the formation of inter and intra-protamine 
disulfide bonds which allow for the chromatin compaction. 
 If the disulfide bonds found in protamines can be reduced to produce free thiols, a 
thiol-reactive probe can bind and label the protamines in the sperm nucleus.  Reduction 
of the disulfide bonds can be performed by use of reagents such as dithiothreitol (DTT) 
or tris-(2-carboxyethyl)phosphine (TCEP).  From the literature on thiol-reactive probes, it 
is suggested that TCEP be used as a reducing agent due to its structure.  DTT contains 
thiol groups and when removed from the sample, thiol groups may be oxidized back into 
disulfide bonds.  In addition, TCEP is more stable than DTT at a higher pH and higher 
temperatures. 
 Once disulfide bonds have been reduced, a thiol-reactive probe may be 
introduced.  There are many different types of probes that may be used.  Maleimides are 
commonly used for thiol modification and quantitation.  When the compound encounters 
a thiol group, the thiol group is added across the double bond, yielding a thioether.  The 
reagent used in the present study is N-(7-dimethylamino-4-methylcoumarin-3-
yl)maleimide (DACM).  It absorbs light at 376 nm and emits light at 476 nm, producing a 
blue fluorescence.  The dye is nonfluorescent until it reacts with a thiol group. 
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 In this research, both sperm and epithelial cells were added to the slides in order 
to develop a novel staining procedure.  The initial protocol used TCEP to break the 
disulfide bonds followed by DACM to bind free thiol groups.  Sodium dodecyl sulfate 
(SDS) was then added to the protocol to lyse cells.  DTT was tested for use as a reducing 
agent as well.  The purpose of establishing this protocol was to design a procedure for 
rapid labeling of sperm that does not require antibody labeling.  In the antibody labeling 
procedure, there are many washing and transfer steps.  The proposed method may limit 
the number of procedural steps resulting in less loss of biological material.  It can also 
help to limit the time-consuming methods of the current staining techniques such as 
KPIC and H&E.   
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1. INTRODUCTION 
 The detection and identification of bodily fluids is an important aspect of forensic 
science that may be relevant to legal charges.  The purpose is to determine the direction 
of further testing, such as deoxyribonucleic acid (DNA) analysis.  Even when it may 
seem obvious as to what bodily fluid is present, it is still necessary to conduct 
confirmatory testing to make a certain identification.  The testing methods used must be 
non-destructive in order to not use all of the sample, especially in cases where there is a 
small amount of the bodily fluid present.1   
Semen is one of the most common bodily fluids found at crime scenes.1  
Identification of semen is especially important in sexual assault cases.  It can be evidence 
that sexual contact has occurred.  It is typically identified microscopically, but when 
spermatozoa are not found other tests can be used to identify the presence of spermatozoa 
or other seminal components.  These tests include immunoassay cards and antibody 
labeling methods.2   
 
1.1 Characteristics of Semen 
 The volume of male ejaculate ranges from 2-5 milliliters (mL).  This is composed 
of both the seminal fluid and the sperm cells (spermatozoa).  The seminal fluid is 
composed of secretions from several accessory glands.  Some of the components in 
seminal fluid which aid in its identification include acid phosphatase (AP), prostate-
specific antigen (PSA), and semenogelin (Sg).3 
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Spermatozoa have a head, a mid-piece and a tail, or flagellum, to allow them to 
travel to their destination.  The nucleus is contained within the head.  The acrosome is a 
cap-like structure that surrounds the anterior of the sperm nucleus and contains enzymes 
that aid in the penetration of the egg during fertilization.  The mid-piece contains 
mitochondria which produce energy for the cell.  The tail, or flagellum, is very fragile 
and is oftentimes not observed when performing microscopic identification of sperm.  
The typical sperm count in a human male ranges from about 15 million per mL to 200 
million per mL.  Abnormal sperm are very common and account for anywhere between 
40-60% of total sperm in a normal fertile human male.3 
Acid phosphatase (AP) is a glycoprotein found in semen and catalyzes the 
hydrolytic removal of an ester-linked phosphate group from a substrate.3  There are two 
types of acid phosphatase: seminal acid phosphatase (SAP) and vaginal acid phosphatase 
(VAP).  SAP is produced by epithelial cells in the ducts of the prostate gland.  When the 
prostate gland contracts during ejaculation, it causes the secretion of SAP into the 
seminal plasma.  SAP is found in high concentrations in semen, low concentrations in the 
blood of healthy males (higher concentrations if the male is suffering from prostate 
cancer) and in male urine.  VAP is present in vaginal secretions and has the same 
molecular weight as SAP as well as many of the same properties.  The only difference 
from SAP is its electrophoretic mobility due to sialidation.3 
Prostate specific antigen (PSA) is a serine protease.  It is produced in epithelial 
cells that line the ducts of the prostate gland and is secreted into the seminal plasma.  
Trace amounts of PSA can be detected in a variety of non-prostatic tissues and fluids as 
3 
well.  Fluids that are of highest forensic significance include: nipple aspirate fluid, 
amniotic fluid, breast milk of lactating women, and male urine.  In men with prostate 
cancer, serum PSA levels may be relatively high as well.2,4  
Seminal specific antigen (SVSA) or semenogelins (Sg) are proteins that are 
produced in the seminal vesicles and secreted into human semen.  There are two protein 
variants: semenogelin I (Sg I) and semenogelin II (Sg II).  Sg I is the most predominant in 
human sperm.  Upon ejaculation, they interact non-covalently and via disulfide bridges to 
form a coagulum.  PSA then breaks down the Sg fragments to allow the semen to liquefy.  
Sg is found in several tissues such as seminal vesicles, vas deferens, prostate, epididymis, 
skeletal muscle, kidney, colon, trachea, and lung tumor.4 
 
1.2 Current Methods of Identifying Semen 
1.2.1 Alternate Light Source 
An alternate light source (ALS) can be used to detect the presence of semen 
stains.  With ALS, some of the energy is reflected and some is absorbed.  The absorbed 
light excites electrons in a substance and as they re-stabilize they release energy as light 
at a different wavelength than the original.  The original wavelength is then eliminated 
with use of a barrier filter (colored goggles) so only the converted wavelength can be 
viewed as fluorescence.  Semen stains can be generally viewed with excitation 
wavelengths between 450 and 495 nanometers (nm) using an orange filter.  However, 
many other stains will fluoresce under these conditions, such as urine, saliva, fibers, light 
colored hairs, and fluorescent fingerprint powder.  Long wave ultraviolet (UV) light 
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(~365-415 nm) can be used for detection of semen as well.  No filter is needed; however 
clear goggles must be worn to protect the eyes.  Bodily fluids, such as semen and saliva, 
will exhibit a greenish fluorescence.  The appearance of the fluorescing stains depends 
greatly on the substrate.  Stains on a substrate that doesn’t fluoresce will appear brighter 
than the background, whereas stains on a brightly fluorescing substrate may appear 
darker or may be masked completely.  The absorbance of the fabric can also affect the 
ability for the stain to be detected via ALS.  Stains on thick, absorbent fabrics can be 
pulled into the fabric beneath the surface so that the light does not reach them.3  The 
advantages of ALS include the fact that it is quick and non-invasive (can test without 
destroying evidence), there is no contact between the light and the sample, and most ALS 
devices are portable and can be used at the crime scene.  Disadvantages include the fact 
that it is possible to miss stains and that other bodily fluids and substances present may 
fluoresce as well.5 
 
1.2.2 Preliminary Testing 
 Preliminary testing for semen allows the analyst to quickly determine the possible 
type of bodily fluid being tested.  These tests are typically cheap and quick and are easily 
transported.  They are done to determine if further testing should be performed on a 
sample.  Positive presumptive tests then need to be confirmed with further testing 
methods. 
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1.2.2.1. Color Tests 
 Acid phosphatase (AP) testing is the most commonly used presumptive screening 
test for semen.  These colorimetric tests utilize the enzymatic activity of AP on a 
naphthyl dye to produce a color change.  If AP is present, it catalyzes the breakdown of 
sodium alpha-naphthyl phosphate, producing free naphthyl.  The free naphthyl then 
reacts with a colorless azo dye to produce a color change.  During the reaction, an 
insoluble azo base and fast color coupling compound combine to produce the insoluble 
azo dye (Figure 1).  Azo dyes are compounds that have a nitrogen functional group, are 
stable, and have bright colors.  In the Fast Blue B test, the free naphthyl reacts with 3,3’-
dimethoxybenzidine to produce a purple compound.3  In the Diazo Red test, the free 
naphthyl reacts with the addition of Fast Red RC Salt to produce a red-orange color 
change.  In the AP Spot test, the alpha-naphthyl phosphate and the Fast Blue B are 
already combined in the reagent, making it a one-step reaction.  This test produces a 
purple color change as well.  Since AP can be found in other bodily fluids, positive 
results from these tests are not specific to semen.5 
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Figure 1.  A colorimetric acid-phosphatase assay.3 
 
1.2.3 Confirmatory Testing 
 Before any confirmatory testing can be performed on samples, an extraction 
method is used on the semen samples to cause separation of sperm from other 
components present.  The samples are first extracted in a buffer or distilled water for 
approximately 60 minutes.  The samples are then centrifuged which forces the solid 
particles and cellular material to the bottom of the tube.  This is referred to as the pellet 
and contains the sperm cells, if present.  The pellet is what is examined with a 
microscope to identify the presence of sperm cells.  The top liquid portion, or 
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supernatant, can be used for PSA or Sg testing, since the molecules are water soluble.  
The ability to test the supernatant for components of semen is particularly useful for 
azoospermic males.  The sperm can be used for DNA testing.1,3 
 
1.2.3.1 Microscopic Identification of Sperm  
The only true confirmatory test for semen is the microscopic identification of 
sperm.  The dimension of the sperm head is approximately 4-5 micrometer (µm) long by 
2-3 µm wide.  The total length of the sperm is approximately 50-55 µm.  Sperm tails are 
not always intact which could make them difficult to identify.  Since the sperm are small 
and can be difficult to see, the sample is typically prepared using a staining technique 
making it easier to identify spermatozoa and epithelial cells.  Ideally, these stains will 
provide a contrast between the sperm heads and any other biological material on the 
slide.  Some staining methods used include: the Christmas Tree Stain or Kernechtrot-
Picroindigocarmine (KPIC), the hematoxylin and eosin stain (H&E), and the alkaline 
fuschin stain.6  The most commonly used methods are KPIC and H&E. 
The KPIC stain contains nuclear fast red (NFR) and picroindicocarmine (PIC) 
stains.  Nuclear fast red stain, which is a metallic dye that stains any nuclear material red, 
is applied to the slide first.  The sperm heads stain a deeper or brighter shade of red than 
the nuclear material in the epithelial cells, since the DNA is more densely packed.  The 
acrosome stains a lighter pink or white, since it does not take up as much dye.  Next, the 
picroindigocarmine stain is applied.  This stains the sperm tails and cytoplasm of 
epithelial cells a light green or a bluish-green (Figure 2).3,7 
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Figure 2.  Sperm and epithelial cell staining using KPIC.  Nuclear material stains red 
and sperm tails and cytoplasm stain green. Cells are viewed under brightfield at 400x. 
 
The H&E stain uses hematoxylin and eosin stains.  The hematoxylin stains 
nucleic acids present in the sample purple.  The eosin stains the proteins and cytoplasm 
present in the sample a bright pink.  Therefore, sperm heads stain purple, sperm head 
acrosomal caps stain pink or light purple, and sperm tails (if present) stain pink.  The 
epithelial cell cytoplasm stains pink while the epithelial cell nuclei will stain purple.  This 
stain provides less contrast than the KPIC stain (Figure 3).7 
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Figure 3.  Sperm and epithelial cell staining using H&E.  Nuclear material stains 
purple and sperm tails and cytoplasm stain pink.  Cells are viewed under brightfield at 
400x. 
 
After looking at the slides, the number of sperm observed is generally represented 
by a score.  This is calculated by counting the number of sperm per magnification field in 
at least 10 different fields.  The average is then calculated and a number, 1 to 4, is 
assigned.  A score of 0 represents that no sperm are present. A score of 1 represents that 
there are very few sperm present on the slide and that they are difficult to locate.  A score 
of 2 represents at least one sperm was found in most fields.  A score of 3 represents that 
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there are several sperm found in most fields and that they are easy to locate on the slide.  
A score of 4 represents that many sperm were found in most fields. 
Allery et al. compared 3 staining methods: the KPIC stain, the H&E stain, and the 
alkaline fuschin stain on post–coital samples. They determined that the alkaline fuschin 
stain was not effective in detecting sperm that was present in vaginal samples rendering it 
ineffective in sexual assault cases. KPIC and H&E seemed to be equivalent in their 
detection of spermatozoa, however KPIC was easier for the analyst to read due to the 
contrast provided by the stain.6  Simons et al. compared the DNA recovery from slides 
stained with both KPIC and H&E.  Following microscopic examination, the coverslips 
were removed from the sealed slides after being soaked in xylene.  The cells were 
scraped off into a tube and were centrifuged and washed with ethanol.  They then utilized 
an organic extraction method for DNA.  They determined that there was no statistical 
difference in the DNA recovered from slides stained with both methods and no inhibition 
was found.7  
While these stains are useful in identifying sperm, they rely on the analyst’s 
microscope skills and also be time consuming since the whole slide must be searched for 
sperm.5  They are not specific to sperm as they stain all cellular material including 
epithelial cells, bacteria, yeast, and white blood cells. 
 
1.2.3.2 Immunoassay Cards 
Chromatographic immunoassay cards can be used to test for the presence of PSA 
or Sg.  One type of card used is the ABAcard® p30 (Abacus Diagnostics, West Hills, 
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California (CA)) which tests for the presence of PSA.  The stain is extracted in the 
extraction buffer that comes with the kit, or water.  This sample is then loaded into the 
sample well, which contains a labeled monoclonal antihuman PSA antibody conjugated 
to a dye.  If PSA is present in the sample, the antibody binds to the antigen and an 
antigen-antibody complex is formed.  This complex migrates to the test area of the strip 
and produces a distinct pink band in the test area, which indicates the presence of PSA.  
The strip contains two areas, both a control and test area.  The test area contains 
immobilized monoclonal antihuman PSA antibody.  This binds to the antigen-antibody 
complex, forming a sandwich and causing the dye to accumulate which becomes visible 
as a pink band in the test region.  The control area contains an immobilized anti-
immunoglobulin antibody.  The PSA antibody-dye conjugates cannot bind to the 
antibody in the test area and are captured by the immunoglobulin, which is immobilized 
in the control area.  When bound, a pink band is observed in the control area which 
indicates that the test is functioning properly.1,3 
The Rapid Stain Identification of Human Semen (RSIDTM-Semen) (Independent 
Forensics, Lombard, Illinois (IL)) Test is another immunoassay card that tests for the 
presence of Sg.  The stain is extracted in the RSIDTM-Semen Buffer that is included in the 
kit.1,3  This sample is then loaded into the sample well which contains a labeled 
monoclonal mouse anti-human Sg antibody conjugated to colloidal gold.  It functions in 
the same manner as the ABAcard® p30 with the antigen-antibody sandwich.  The test 
area contains immobilized mouse antihuman Sg antibody.  The control area contains an 
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immobilized anti-mouse immunoglobulin G (IgG).  When bound, a pink band is observed 
in the control area which indicates that the test is functioning properly.1,3 
In both tests, samples are loaded into the sample well (S) of the immunoassay 
card.  Ten minutes after addition of sample the result can be read.  A line at the control 
(C) position only indicates a negative result.  Lines at both the control (C) and test (T) 
positions indicates a positive result.  A line visible at the test (T) position only indicates a 
failed test (Figure 4).8 
 
Figure 4.  Immunoassay cards used in bodily fluid identification.  Samples are loaded 
into the sample well (S) and results are determined based off lines present in the control 
(C) position and the test (T) position.8 
 
Pang and Cheung tested the sensitivity of both methods.  The ABAcard® p30 
card detected semen up to a 1:100,000 dilution.  The RSIDTM-Semen Test detected semen 
up to a 1:50,000 dilution.  They are both quick effective ways to identify the components 
present in semen.4 
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1.2.3.3 Antibody Labeling 
 The enzyme-linked immunosorbent assay (ELISA) method can be used to detect 
PSA in a sample.  It utilizes an anti-PSA antibody, and works in the same manner as the 
immunoassay cards by forming an antibody-antigen-antibody sandwich when PSA is 
present. This method allows the analyst to quantify the amount of PSA since the intensity 
of the signal is proportional to the amount of antigen that is bound.  This method has high 
specificity and sensitivity.3  
Fluorescent in situ hybridization (FISH) is a common method used to distinguish 
between male and female cells.  This is done by use of a fluorescent probe that is 
hybridized to a specific region on the sex chromosomes of cells.  Murray et al. used FISH 
on post-coital vaginal swabs to identify male cells.  They then used laser microdissection 
(LMD) to separate the cells for DNA analysis.9 
 SpermPaint is an immunofluorescent technique that contains two mouse 
monoclonal antibodies both coupled to an AlexaFluor 488 dye.5  One antibody is specific 
to the sperm head antigen, equatorial segment protein (ESP).  The other antibody is 
specific to the sperm flagellar antigen, calcium binding tyrosine phosphorylated regulated 
protein (CABYR).  This technique fluorescently labels the equatorial segment of the 
sperm.5,10  The AlexaFluor 488 fluorescent dye has an absorption wavelength of 494 nm 
and an emission wavelength of 519 nm.  The sperm stain green and can be viewed with 
the fluorescein isothiocyanate (FITC) filter.10  
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 SPERM HY-LITERTM (Independent Forensics, Lombard, IL) is a kit that contains 
an anti-human sperm-specific mouse monoclonal antibody coupled to an AlexaFluor 488 
dye.  When applied, the entire head of the sperm cell will fluoresce when the FITC filter 
is used. It also utilizes a 4,6-diamidino-2-phenylindole (DAPI) fluorescent dye which 
stains all cell nuclei non-specifically.5  This allows the analyst to easily identify whether 
sperm is present in the sample.5 
 
1.3 Spermiogenesis 
 Spermatogenesis is the process that leads to the formation of the mature sperm 
that are capable of fertilization.  Human male spermatogenesis consists of three phases: a 
mitotic phase, a meiotic phase, and a post-meiotic phase.  The mitotic phase is an 
amplification phase and results in an increase in the number of sperm cells, which are 
called primary spermatocytes.  The meiotic phase produces haploid cells and allows 
genetic information to be exchanged between chromosomes.  The post-meiotic phase, or 
spermiogenesis can be divided into spermatids with round nuclei, spermatids with 
elongated nuclei, and spermatids with condensed nuclei.11  During spermiogenesis, 
protamines replace histones to further condense the DNA of the sperm nucleus.  Humans 
express two protamines, protamine 1 (P1) and protamine 2 (P2).  The protamines contain 
an arginine-rich core as well as cysteine residues (Figure 5).  The high levels of arginine 
create a net positive charge that allows for stronger binding to DNA.12 
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Figure 5.  Sequences of Human Protamines P1 and P2.  Amino acid abbreviations: 
arginine (Arg), threonine (Thr), histidine (His), glycine (Gly), glutamine (Gln), serine 
(Ser), tyrosine (Tyr), cysteine (Cys), leucine (Leu), isoleucine (Ile), lysine (Lys), alanine 
(Ala), methionine (Met), proline (Pro).  Arginine residues are colored green and cysteine 
residues are colored blue.13 
 
The protamines replace the histones in a step-wise manner.  Histones are first 
replaced by testis-specific histone variants.  These variants are then replaced by transition 
proteins, transition protein 1 (TP1) and transition protein 2 (TP2).  During the elongation 
of the nucleus stage, these transition proteins are then replaced by protamines.  P1 and P2 
allow for structural changes to occur within the chromatin packaging forming tight 
toroidal complexes.  This results in a 6-20 fold increase in chromatin compaction.8,9,10 
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The reason for the replacement of histones with protamines is unknown, however 
there are a few hypotheses as to why this occurs in the spermatids.  One hypothesis is that 
the compaction creates a more hydrodynamic sperm head that speeds up the process of 
fertilization in the female reproductive tract.  Another reason may be that the increased 
level of DNA packing aids in protection of the genetic material found in the sperm head 
and helps to ensure that the appropriate genes from the father’s chromosomes are 
expressed in the embryo.15 
 
1.3.1 Protamine Structure and Binding to DNA 
 As mentioned above, protamines are rich in cysteine residues.  These residues 
allow for the formation of inter and intra-protamine disulfide bonds which allow for the 
chromatin compaction.12  The structure of the associated protamines with DNA is 
unknown, but several models have been developed to describe this association.  One 
model, proposed by Balhorn, shows that P1 wraps around the DNA helix in the major 
groove, with one protamine molecule bound per turn of the DNA helix.  This allows for 
the coiling and condensation of DNA into toroidal subunits.  P2 differs from P1 in that it 
binds one zinc atom per protamine.16  Another model, proposed by Biegeleisen, 
incorporates a non-helical DNA model by Wu that views the DNA as a “straight 
ladder.17,18  This structure will better accommodate the protamine beta (b)-sheet.  It is 
suggested that a P1-P2 dimer is ionically bound to two DNA molecules.  This structure, 
or a “unit cell” can then bind to adjacent unit cells fitting together like puzzle pieces.18 
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1.3.2 Protamine Labeling 
 If the disulfide bonds found in protamines can be reduced to produce free thiols, a 
thiol-reactive probe can bind and label the protamines in the sperm nucleus.  
Mastroberardino et al. proposed a method of labeling free thiols that involves 
permeabilization of the cell membrane and introduction of a reducing agent to break the 
disulfide bonds.  At this point, a thiol-reactive probe can be added which would label the 
reduced disulfide bonds.19  Bottiroli et al. uses a similar method on mouse spermatozoa.  
Spermatozoa are first treated with sodium dodecyl sulfate (SDS), the disulfide bonds are 
reduced, and the thiol-reactive probe is added.20  Stahlberger produced a protocol for the 
labeling of human spermatozoa that was based on the previous methods mentioned.  The 
method was performed in a test tube with multiple washing steps.  Ultimately, the use of 
this particular protocol led to the deterioration of the pellet and when a small portion of 
the sample was placed on a slide, very little sperm were still present.21  This method has 
been modified as described in the Materials and Methods Section to be done completely 
on a slide to prevent the loss of sperm cells. 
 Reduction of the disulfide bonds can be performed by use of reagents such as 
dithiothreitol (DTT) or tris-(2-carboxyethyl)phosphine (TCEP).  It is suggested that 
TCEP be used as a reducing agent due to its structure.22  TCEP has been preferred due to 
the lack of thiol groups present in the compound (Figure 6).  DTT contains thiol groups 
and when removed from a sample with disulfide bonds, thiol groups may be oxidized 
back into disulfide bonds (Figure 7).  In addition, TCEP is more stable than DTT at a 
higher potential of hydrogen (pH) and higher temperatures.23,24 
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Figure 6.  Reduction of a disulfide bond using TCEP.23 
 
Figure 7.  Reduction of a disulfide bond using DTT.25 
Once disulfide bonds have been reduced, a thiol-reactive probe may be 
introduced.  There are many different types of probes including iodoacetamides, 
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maleimides, benzyclic halides, and bromomethylketones.  These react by S-alkylation of 
thiols generating a stable thioether product.  Maleimides are commonly used for thiol 
modification and quantitation.  When the compound encounters a thiol group, the thiol 
group is added across the double bond, yielding a thioether (Figure 8).  The reagent 
chosen is N-(7-dimethylamino-4-methylcoumarin-3-yl)maleimide (DACM).  It absorbs 
light at 376 nm and emits light at 476 nm, producing a blue fluorescence.  The dye is 
nonfluorescent until it reacts with a thiol group.  When viewed under UV light, the blue 
fluorescence can be observed.23  It was also chosen due to its small molecular size 
(Figure 9) and its low molecular weight of 298.3 grams/mole (g/mol).26 
 
Figure 8.  Reaction of a thiol with a maleimide.23 
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Figure 9.  Chemical structure of DACM.26 
  
1.4 Nucleic Acid Stains 
 There are three classes of nucleic acid stains available: intercalating dyes, minor-
groove binders, and other types of nucleic acid binders.27  The nucleic acid stain used is 
4’,6-Diamidino-2-phenylindole, dihydrochloride (DAPI).  DAPI is a blue-fluorescent dye 
that preferentially stains double stranded DNA (dsDNA).  It also stains single stranded 
DNA (ssDNA), however its binding to dsDNA produces about a 20-fold fluorescence 
enhancement.  This is thought to be due to the displacement of water molecules from 
both DAPI and the minor groove of the DNA.  It is believed to associate with adenine 
(A)-thymine (T) groups at the minor groove of DNA.28,29 DAPI was chosen as a control 
in this protocol since it fluoresces under UV light using the same conditions as the 
DACM probe.  It stains the nucleus of cells it is applied to.  It also has a relatively simple 
chemical structure (Figure 7) and molecular weight similar to that of DACM (350.3 
g/mol).30 
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Figure 10.  Chemical Structure of DAPI.30 
 
1.5 Purpose of Establishing a New Protocol 
 The purpose of establishing this protocol was to design a procedure for rapid 
labeling of sperm that does not require antibody labeling.  In the antibody labeling 
procedure, there are many washing and transfer steps.  The proposed method may limit 
the number of procedural steps resulting in less loss of biological material.31  It can also 
help to limit the time consuming methods of the current staining techniques, such as 
KPIC and H&E. 
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2. MATERIALS AND METHODS 
2.1. Solution Preparation 
 The following solutions were prepared based on Stahlberger’s protocols: 
• 25 millimolar (mM) Tris(2-carboxyethyl)hydrochloride (BondBreakerTM TCEP) 
in Phosphate Buffered Saline (PBS) pH 6.8 
o 475 microliters (µL) PBS at pH 6.8 (Thermo Fisher Scientific Inc., 
Waltham, Massachusetts (MA)) 
o 25 µL of 0.5 molar (M) TCEP (Thermo Fisher Scientific Incorporation 
(Inc.), Waltham, MA) 
o Solution stored between 2-6 degrees Celsius (°C) 
• 10 mM N-(7-Dimenthylamino-4-Methylcoumarin-3-yl)Maleimide (DACM) stock 
solution 
o 500 µL of Dimethyl Sulfoxide (DMSO) (Sigma-Aldrich, St. Louis, 
Missouri (MO)) 
o 1.5 milligrams (mg) of DACM (Thermo Fisher Scientific Inc., Waltham, 
MA) [Molecular weight (MW) of 298.3 g/mol] 
• 0.5 mM DACM intermediate solution 
o 950 µL of 0.1 M Tris-Hydrochloride (Tris-HCl) pH 6.8 (Trizmaâ Base, 
Sigma-Aldrich, St. Louis, MO) 
o 50 µL of 10 mM stock solution of DACM21 
• 10 micromolar (µM) DACM working solution 
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o 980 µL of 0.1 M Tris-Hydrochloride (Tris-HCl) pH 6.8 (Trizmaâ Base, 
Sigma-Aldrich, St. Louis, MO) 
o 20 µL of 0.5 mM stock solution of DACM 
o Working solution was stored in 500 µL aliquots at -20°C for 1 month in 
light-safe pouches 
o Working solution brought to room temperature for at least 1 hour prior to 
use 
Other solutions were prepared as follows: 
• Poly-L-Lysine working solution 
o 180 mL deionized water (diH2O) 
o 20 mL 0.1% Poly-L-Lysine in diH2O (Sigma-Aldrich, St. Louis, MO) 
o Solution was stored between 2-6°C for 3 months 
o Working solution brought to room temperature prior to use32 
• 4% Formaldehyde in PBS pH 6.8 
o 3 mL of PBS pH 6.8 
o 1 mL of 16% Formaldehyde (Thermo Fisher Scientific Inc., Waltham, 
MA) 
o Solution stored at room temperature for 1 year 
• 100 mM N-ethylmaleimide (NEM)/Iodoacetamide (IAM) 
o 40 mL of diH2O 
o 5 mL of 0.1 M Tris-HCl pH 6.8 
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o 0.625 g NEM (Sigma-Alrich, St. Louis, MO) [MW of 125.13 g/mol] 
o 0.925 g IAM (Sigma-Aldrich, St. Louis, MO) [MW of 184.96 g/mol] 
o Bring the final volume of the solution to 50 mL with 5 mL diH2O 
o Solution stored between 2-6°C 
• 1% Sodium dodecyl sulfate (SDS) in 10 mM Tris-HCl pH 6.8 
o 20 mL of 10 mM Tris-HCl pH 6.8 (Trizmaâ Base, Sigma-Aldrich, St. 
Louis, MO) 
o 0.1 g of SDS 
o Stored for 1 year at room temperature 
• 40 mM Dithiothreitol (DTT) in 10 mM Tris-HCl pH 6.8 
o 960 µL of 10 mM Tris-HCl pH 6.8 
o 40 µL of 1 M DTT  
o Solution was stored between 2-6°C 
• 14.3 mM 4’,6-Diamidino-2-phenylindole, dihydrochloride (DAPI) stock solution 
o 2 mL of diH2O 
o Entire contents of DAPI vial (10 mg) (Thermo Fisher Scientific Inc., 
Waltham, MA) [MW of 350.3 g/mol] 
o Stock solution stored in 1 mL aliquots in light-safe pouches: one stored for 
6 months between 2-6°C and the one stored for 1 year at -20°C 
• 300 µM DAPI intermediate dilution 
o 100 µL PBS pH 6.8 
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o 2.1 µL 14.3 mM DAPI stock solution 
o Intermediate dilution stored at 2-6°C for 6 months in light-safe pouches 
• 300 nanomolar (nM) DAPI stain solution 
o 1 mL of PBS pH 6.8 
o 1 µL of 300 µM DAPI intermediate dilution 
o Stain solution stored at 2-6°C for 6 months in light-safe pouches28,29 
 
2.2 Slide Cleaning and Preparation 
Slides were washed in 1% Alconox in warm water.  Microscope slides were 
prepared by washing in a 1% hydrochloric acid (HCl) in 70% ethanol solution and were 
then coated in Poly-L-Lysine.  The Poly-L-Lysine working solution was allowed to come 
to room temperature and was poured into a glass staining dish.  The slides were placed in 
the working Poly-L-Lysine for 5 minutes.  The slides were then placed in a 60°C oven for 
1 hour to allow them to drain and dry. 
 
2.3 Sperm Cell and Epithelial Cell Preparation 
2.3.1 Sperm Cell Preparation 
A 1:5 dilution of neat semen was prepared using diH2O.  The cells were washed 
by pipetting 60 µL of PBS pH 6.8 into the tube and vortexing gently.  The tube was spun 
on a centrifuge at 14,000 relative centrifugal force (rcf) for 5 minutes.  The supernatant 
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was pipetted off without disrupting the pellet.  The pellet was resuspended into the liquid 
using the pipette tip and by gently vortexing.  
 
2.3.2 Epithelial Cell Preparation 
 A saliva sample was collected in a 1.5 mL microcentrifuge tube.  The tube was 
spun on a centrifuge at 800 rcf for 3 minutes.  The supernatant was pipetted off without 
disrupting the pellet.  The pellet was resuspended in 1 mL of PBS pH 6.8 by gently 
vortexing the tube.  The wash steps were repeated two more times. 
 
2.3.3 Fixing of Cells 
 Ten microliters of the epithelial cell preparation was pipetted onto the slide.  Ten 
microliters of the 1:5 semen dilution was pipetted onto the slide.  This was allowed to 
dry.  Cells were fixed by pipetting 40 µL of 4% formaldehyde onto the slide and leaving 
it on for 15 minutes.  One milliliter of PBS pH 6.8 was pipetted onto the slide and left on 
for 5 minutes.  The slides were rinsed in PBS by using a transfer pipette over a weigh 
boat and disposing of waste in the appropriate container. 
 
2.4 Microscopes Used 
Microscopy was performed using a ZEISS Axiovert 200 (ZEISS International, 
Oberkochen, Germany) with the LEJ ebq100 isolated power supply unit 
(Leistungselektronik JENA, Jena, Germany).  The slides were first observed under 
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brightfield to locate the cells present.  They were then observed using the DAPI filter to 
check the fluorescence on all slides prepared.   
Slides were then viewed using a ZEISS LSM 710 confocal microscope (ZEISS 
International, Oberkochen, Germany) to obtain images in both brightfield and using the 
DAPI filter.  Images were obtained using the ZEISS ZEN black software (ZEISS 
International, Oberkochen, Germany). 
 
2.5 DAPI Stain for Testing Microscope Function 
 Forty microliters of 300 nM DAPI stain solution was added to cover the cells.  
This was allowed to incubate for 5 minutes, protected from light (slide was placed in 
closed drawer), then 1 mL of PBS pH 6.8 was pipetted onto the slide and left on for 5 
minutes.  The slides were rinsed in PBS by using a transfer pipette over a weigh boat and 
disposing of waste in the appropriate container.  The slide was allowed to dry completely.  
One drop of ProLong Gold anifade reagent (Thermo Fisher Scientific Inc., Waltham, 
MA) was placed onto the stain with a transfer pipette.  The coverslip was carefully 
lowered onto the sample.  The preparation was allowed to cure for 24 hours on a flat 
surface in the dark.  The coverslip was then sealed with clear nail polish on all edges and 
allowed to dry. 
 
2.6 Initial Protocol for DACM staining 
Cells were stained by using TCEP to break disulfide bonds, followed by DACM 
to bind the free thiols.  Forty microliters of TCEP was pipetted onto the slide.  This was 
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allowed to incubate for 20 minutes at room temperature.  One milliliter of PBS pH 6.8 
was pipetted onto the slide and left on for 5 minutes.  The slides were rinsed in PBS by 
using a transfer pipette over a weigh boat and disposing of waste in the appropriate 
container.  Forty microliters of 10 µM DACM working solution was pipetted onto the 
slide.  This was allowed to incubate for 15 minutes protected from light (slides were 
placed in a closed drawer).  One milliliter of 0.1 M Tris-HCl pH 6.8 was pipetted onto the 
slide and left on for 5 minutes.  The slides were rinsed in 0.1 M Tris-HCl pH 6.8 by using 
a transfer pipette over a weigh boat and disposing of waste in the appropriate container.  
The coverslip was mounted using the same method described in Section 2.5.  A control 
was prepared by applying only DACM to the slide. 
 
2.7 Determination of Disulfide Bonds in Sperm and Epithelial Cells 
 To determine the presence of disulfide bonds a blocker was used that blocks free 
thiols.  The procedure found in Section 2.6 was followed for this slide.  After application 
of TCEP, IAM/NEM was applied in the following manner.  Forty microliters of 
IAM/NEM was pipetted onto the slide.  This was allowed to incubate for 15 minutes.  
One milliliter of 0.1 M Tris-HCl pH 6.8 was pipetted onto the slide and left on for 5 
minutes.  The slides were rinsed in 0.1 M Tris-HCl pH 6.8 by using a transfer pipette 
over a weigh boat and disposing of waste in the appropriate container.  DACM was then 
applied in the same procedure as described in Section 2.6.  The coverslip was mounted 
using the same method described in Section 2.5.  A control was prepared by applying 
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NEM/IAM and then the probe.  No TCEP was applied to the control prior to the 
NEM/IAM blocker. 
2.8 Use of SDS to Lyse Cells 
 SDS was used prior to the reducing agent to lyse the cell membranes in the cells. 
Forty microliters of SDS was pipetted onto the slide.  This was allowed to incubate for 10 
minutes.  One milliliter of 10 mM Tris-HCl pH 6.8 was pipetted onto the slide and left on 
for 5 minutes.  The slides were rinsed in 10 mM Tris-HCl pH 6.8 by using a transfer 
pipette over a weigh boat and disposing of waste in the appropriate container.  The 
procedure listed in Section 2.6 was then followed for this slide as well.  The coverslip 
was mounted using the same method described in Section 2.5. 
 
2.9 Use of DTT as a Reducing Reagent 
 DTT was tested as a reducing agent in place of TCEP.  The procedure found in 
Section 2.6 was followed for this slide.  In place of TCEP, 40 µL of DTT was pipetted 
onto the slide.  This was allowed to incubate for 20 minutes at room temperature.  One 
milliliter of 10 mM Tris-HCl pH 6.8 was pipetted onto the slide and left on for 5 minutes.  
The slides were rinsed in 10 mM Tris-HCl pH 6.8 by using a transfer pipette over a 
weigh boat and disposing of waste in the appropriate container. 
 Slides were also prepared using both SDS and DTT.  The protocol listed in 
Section 2.8 was followed, with DTT replacing TCEP in the same manner as described 
above. 
 
30 
3. RESULTS AND DISCUSSION 
3.1 DAPI Stain for Testing Microscope Function 
 The DAPI nucleic acid stain was used on sperm and epithelial cells to test the 
functioning of the microscopes.  The sperm and epithelial nuclei both fluoresced brightly 
when viewed under the DAPI filter (Figure 11) (Figure 12). 
 
Figure 11.  Sperm and epithelial cell staining using DAPI: Image 1.  Cells are viewed 
with the DAPI filter using the 20X objective and 76X total magnification. 
31 
 
Figure 12.  Sperm and epithelial cell staining using DAPI: Image 2.  Cells are viewed 
with the DAPI filter using the 20X objective and 76x total magnification. 
 
Since the DNA in the sperm heads is much more condensed, the nuclei are much 
smaller and appear brighter.  The epithelial cell nuclei appear much larger in the center of 
the cells, since the DNA is not as compact.  It is easy to distinguish between the two cell 
types when using the DAPI stain.  The DAPI stained slides served as a positive control 
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since DAPI fluoresces under the same conditions as DACM.  This confirms that the 
microscope and the filter are functioning properly and experimentation could move 
forward using the DACM probe. 
 
3.2 Initial DACM Staining Results 
 Sperm and epithelial cells were stained using TCEP to break the disulfide bonds 
followed by DACM to bind the free thiols.  The sperm and epithelial cells both 
fluoresced brightly when viewed under the DAPI filter (Figure 13).  A higher 
magnification image shows the staining of the sperm cells and where that stain was 
applied (Figure 14).  A control slide was also made with only DACM applied.  While the 
cells on the slide did not stain as brightly as they did when TCEP was applied before, 
there was some overall staining on the slide around the cells (Figure 15) (Figure 16). 
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Figure 13.  Sperm and epithelial cell staining with the initial DACM protocol.  Cells 
are viewed with the DAPI filter using the 20X objective and 54X total magnification. 
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Figure 14.  Sperm cell staining with the initial DACM protocol.  Cells are viewed 
with the DAPI filter using the 20X objective and 160X total magnification to view the 
sperm. 
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Figure 15.  Sperm and epithelial cells with only DACM applied: Image 1.  Cells are 
viewed with the DAPI filter using the 20X objective and 40X total magnification. 
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Figure 16.  Sperm and epithelial cells with only DACM applied: Image 2.  Cells are 
viewed with the DAPI filter using the 20X objective and 82X total magnification. 
 
 The protocol with TCEP and DACM stained both cell types.  It does appear to be 
only on the exterior membrane of the cells, suggesting that this protocol does not work to 
penetrate the cells.  This also suggests that there may be disulfide bonds found in the cell 
membranes of both sperm and epithelial cells.  However, there is not much research done 
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which looks into disulfide bonds on the cell membrane of these cell types.  The tails of 
the sperm fluoresced as well.   
 In the slide with only DACM applied (Figures 15 and 16), it does not appear to 
stain the cells as it does when TCEP is applied prior.  It does, however, have some 
unspecified staining which appears on the slide.  Some of this staining is on the cells, 
while the rest appears to be in the empty spaces where no cells were present.  The sperm 
do not appear to be staining.  This slide was meant to act as a negative control with no 
staining to be visible since the disulfide bonds were not broken before applying the stain.  
The fact that staining is visible could suggest that there may be some free thiols present in 
some areas of the cells. 
 
3.3 Determination of Disulfide Bonds in Sperm and Epithelial Cells 
 Based on the results from the previous procedure, the next step was to determine 
if this staining could be blocked.  One slide was prepared by adding only the NEM/IAM 
free thiol blocker before applying DACM (Figure 17) (Figure 18).  Another slide was 
prepared by adding TCEP then the NEM/IAM free thiol blocker before applying DACM 
(Figure 19). 
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Figure 17.  Sperm and epithelial cell staining with NEM/IAM free thiol blocker and 
DACM: Image 1.  Cells are viewed with the DAPI filter using the 20X objective and 
40x total magnification.  Since there were not many sperm present in this particular view, 
the red arrow point to the sperm heads present. 
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Figure 18.  Sperm and epithelial cell staining with NEM/IAM free thiol blocker and 
DACM: Image 2.  Cells are viewed with the DAPI filter using the 20X objective and 
40X total magnification. 
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Figure 19.  Sperm and epithelial cell staining with TCEP then free thiol blocker then 
DACM.  Cells are viewed with the DAPI filter using the 20X objective and 40X total 
magnification. 
 
 As seen in the images above no staining occurred in either of these slides, which 
was expected.  These were used as a negative control to make sure there was no auto-
fluorescence or background fluorescence of the cells or the slides used.  It also shows that 
the NEM/IAM could block any free thiols present.   
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3.4 Use of SDS to Lyse Cells 
 Based on results of the previous experiments, the next step was to lyse the cell 
membranes with SDS prior to starting the procedure used above.  The cells were first 
viewed using the DAPI filter with the 20X objective and 50X total magnification (Figure 
20).  A more zoomed in image shows the staining of the sperm cells and where that stain 
was applied (Figure 21).  A multiphoton laser was then used on the cells with the 20X 
objective, which worked better for the DACM stain used in this experiment (Figure 22).  
The cells were then viewed using a multiphoton laser and the 40X objective to provide 
better resolution (Figure 23).  With both the DAPI filter and the multiphoton laser, both 
cell types fluoresced brightly. 
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Figure 20.  Sperm and epithelial cell staining with SDS, TCEP and DACM.  Cells are 
viewed with the DAPI filter using the 20X objective and 50X total magnification. 
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Figure 21.  Sperm cell staining with SDS, TCEP and DACM.  Cells are viewed with 
the DAPI filter using the 20X objective and 134X total magnification to view the sperm. 
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Figure 22.  Sperm and epithelial cell staining with SDS, TCEP and DACM using a 
multiphoton laser.  Cells are viewed using the multiphoton laser,the 20X objective and 
80X total magnification. 
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Figure 23.  Sperm and epithelial cell staining with SDS, TCEP and DACM using a 
multiphoton laser and the 40X objective.  Total magnification of 40X. 
 
 This protocol stained both sperm and epithelial cells brightly.  It appears it is still 
the cell membranes of the epithelial cells that are being stained when looking at the z-
stack on the confocal microscope.  However, when looking at the zoomed in image of the 
sperm, the staining appears to be more centralized to the nucleus.  The tails and the 
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acrosome fluoresced less brightly when SDS was used compared to the slides where SDS 
was not used.  This suggests that the TCEP and DACM probe could penetrate the cells 
and reach the nucleus to break the disulfide bonds there and react. 
 
3.5 Use of DTT as a Reducing Reagent 
 Although literature suggests that TCEP is a better reducing agent, DTT was also 
tested as a reducing agent to see if any difference was observed in the staining of the 
cells.  DTT was applied to the cells prior to the DACM probe.  When using this protocol, 
neither the sperm nor epithelial cells fluoresced at all (Figure 24).  The procedure was 
then modified to use SDS prior to the DTT to see if fluorescence could be achieved.  The 
cells were first viewed using the DAPI filter (Figure 25).  When fluorescence was seen, 
the multiphoton laser was then used to see if better resolution of the image could be 
achieved. 
47 
 
Figure 24.  Sperm and epithelial cell staining using DTT and DACM.  Cells are 
viewed using the DAPI filter and the 20X objective and 40X total magnification. 
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Figure 25.  Sperm and epithelial cell staining SDS, DTT and DACM.  Cells are 
viewed using the DAPI filter and the 20X objective and 80X total magnification. 
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Figure 26.  Sperm and epithelial cell staining SDS, DTT and DACM and a 
multiphoton laser.  Cells are viewed using the multiphoton laser and the 20X objective 
and 40X total magnification. 
 
 As can be seen in the slide using only DTT and the DACM probe, the cells did 
not fluoresce.  There are multiple hypotheses as to why this could have occurred.  The 
first hypothesis is that the DTT is unable to penetrate the cells or is unable to reduce the 
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disulfide bonds enough for the probe to be able to react.  Another hypothesis comes from 
the fact that DTT contains thiol groups.  It has been suggested in previous research that 
when DTT is removed from the sample, thiol groups may be oxidized back into disulfide 
bonds.23  One other reason could be that although the DTT is washed off prior to 
application of the DACM probe, it may be binding to the site on the probe that is meant 
to bind to the free thiols in the cells. 
 When SDS was applied prior to DTT, fluorescence was achieved.  Since SDS was 
used to lyse the cells and allow the different reducing agents to access the nuclei of the 
cells, this suggests that the first hypothesis described above may be true.  While DTT 
does seem to work as a reducing agent, the procedure using DTT was not as efficient as 
the procedures using TCEP. 
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4. CONCLUSIONS AND FURTHER WORK  
 The initial protocol for DACM staining of sperm and epithelial cells using TCEP 
and DACM worked to stain all cells present on the slide.  However, since the staining 
appeared to be present only on the cell membranes, it suggested that there are disulfide 
bonds present on the surface of the cell membranes of the sperm and epithelial cells.  The 
initial protocol was meant to stain only the free thiols present in the nuclei of the sperm 
cells after breaking the disulfide bonds with TCEP, but this method did not seem to be 
able to penetrate the cell membrane. 
 When SDS was added to the cells before applying TCEP, both cell types 
fluoresced brightly.  However, when looking at the sperm cells, the staining appeared to 
be more centralized to the nucleus.  The tails and acrosome did not fluoresce as brightly 
as they did when the initial DACM protocol was used.  This suggests that the TCEP and 
DACM were then able to penetrate the membrane and reach the nucleus.  The staining of 
the epithelial cells still appeared to be on the cell membrane surface. 
 When DTT was used instead of TCEP, the cells did not fluoresce.  When SDS 
was prior to the application of DTT, fluorescence was achieved.  This suggests that the 
SDS was required for the DTT to be able to reach the disulfide bonds present in the 
sperm and epithelial cells.  
 While this method was not specific to sperm cells, it was very easy to identify the 
sperm cells from any epithelial cells present on the slide.  This method could be useful in 
casework when searching for the presence of sperm.   
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 Further research could be done using this method.   Since the two cell types were 
applied to the slide in a controlled way, it would be interesting to test this procedure on 
actual vaginal swabs that contain other cell types, such as bacteria, yeast or white blood 
cells.  Optimization of the concentrations of the different reagents would be helpful as 
well.  Research could be done in comparing this method to the current microscopic 
methods available, such as KPIC, H&E, SPERM HY-LITERTM.  For example, a 
controlled amount of cells could be placed on slides stained with the different methods, 
and an analyst count the number of cells to test the accuracy of each method. 
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Appendix A: Detailed Materials and Methods 
Sperm Cell Preparation 
1. A 1:5 dilution of neat semen was prepared using diH2O. 
2. The cells were washed by pipetting 60 µL of PBS pH 6.8 into the tube and 
vortexing gently. 
3. The tube was spun on a centrifuge at 14,000 relative centrifugal force (rcf) for 5 
minutes.   
4. The supernatant was pipetted off without disrupting the pellet. 
5. The pellet was resuspended into the liquid using the pipette tip and gently 
vortexing. 
 
Epithelial Cell Preparation 
1. A saliva sample was collected in a 1.5 mL microcentrifuge tube. 
2. The tube was spun on a centrifuge at 800 rcf for 3 minutes. 
3. The supernatant was pipetted off without disrupting the pellet. 
4. The pellet was resuspended in 1 ml of PBS pH 6.8 and gently vortexing the tube. 
5. Steps 2-4 were repeated two more times. 
 
Fixing of Cells 
1. 10 µl of the epithelial cell preparation was pipetted onto the slide.   
2. 10 µl of the 1:5 semen dilution was pipetted onto the slide.   
3. This was allowed to dry.   
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4. Cells were fixed by pipetting 40 µL of 4% formaldehyde onto the slide and 
leaving it on for 15 minutes.   
5. 1 mL of PBS pH 6.8 was pipetted onto the slide and left on for 5 minutes.   
6. The slides were rinsed in PBS by using a transfer pipette over a weigh boat and 
disposing of waste in the appropriate container. 
 
DAPI Stain for Testing Microscope Function 
 DAPI staining was performed to check the functioning of the microscope.  DAPI 
stained sperm and epithelial cells were produced using the following method:  
1. 40 µl of 300 nM DAPI stain solution was added to cover the cells.   
2. This was allowed to incubate for 5 minutes, protected from light (slide was placed 
in closed drawer).   
3. The solution was removed with a transfer pipette.   
4. 1 mL of PBS pH 6.8 was pipetted onto the slide and left on for 5 minutes.   
5. The slides were rinsed in PBS by using a transfer pipette over a weigh boat and 
disposing of waste in the appropriate container. 
6. One drop of ProLong Gold anifade reagent was placed onto the stain with a 
transfer pipette.   
7. The coverslip was carefully lowered onto the sample.   
8. The preparation was allowed to cure for 24 hours on a flat surface in the dark 
(slide was placed in closed drawer).   
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9. The coverslip was then sealed with clear nail polish on all edges and allowed to 
dry. 
 
Initial Protocol for DACM Staining 
1. The slides were labeled: 
a. DACM ONLY 
b. TCEP + DACM 
2. To break disulfide bonds, 40 µL of TCEP was pipetted onto the slide. 
3.  This was allowed to incubate for 20 minutes at room temperature.   
4. 1 mL of PBS pH 6.8 was pipetted onto the slide and left on for 5 minutes.   
5. The slides were rinsed in PBS by using a transfer pipette over a weigh boat and 
disposing of waste in the appropriate container.  
6. 40 µL of 10 µM DACM working solution was pipetted onto the slide.   
7. This was allowed to incubate for 15 minutes protected from light (slides were 
placed in a closed drawer).   
8. 1 mL of 0.1 M Tris-HCl pH 6.8 was pipetted onto the slide and left on for 5 
minutes.  
9. The slides were rinsed in 0.1 M Tris-HCl pH 6.8 by using a transfer pipette over a 
weigh boat and disposing of waste in the appropriate container. 
10. One drop of ProLong Gold anifade reagent was placed onto the stain with a 
transfer pipette.   
11. The coverslip was carefully lowered onto the sample.   
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12. The preparation was allowed to cure for 24 hours on a flat surface in the dark 
(slide was placed in closed drawer).   
13. The coverslip was then sealed with clear nail polish on all edges and allowed to 
dry. 
 
Determination of Disulfide Bonds in Sperm and Epithelial Cells 
 The following method was used to determine disulfide bonds present in both 
sperm and epithelial cells: 
1. The slides were labeled: 
a. IAM/NEM + DACM 
b. TCEP + IAM/NEM + DACM 
2. On the slides with TCEP, 40 µL of TCEP was pipetted onto the slide. 
3. This was allowed to incubate for 20 minutes at room temperature.   
4. 1 mL of PBS pH 6.8 was pipetted onto the slide and left on for 5 minutes.   
5. The slides were rinsed in PBS by using a transfer pipette over a weigh boat and 
disposing of waste in the appropriate container.  
6. On all slides, 40 µL of IAM/NEM was pipetted onto the slide. 
7. This was allowed to incubate for 15 minutes. 
8. 1 mL of 0.1 M Tris-HCl pH 6.8 was pipetted onto the slide and left on for 5 
minutes. 
9. The slides were rinsed in 0.1 M Tris-HCl pH 6.8 by using a transfer pipette over a 
weigh boat and disposing of waste in the appropriate container. 
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10. 40 µL of 10 µM DACM working solution was pipetted onto the slide.   
11. This was allowed to incubate for 15 minutes protected from light (slides were 
placed in a closed drawer).   
12. 1 mL of 0.1 M Tris-HCl pH 6.8 was pipetted onto the slide and left on for 5 
minutes.  
13. The slides were rinsed in 0.1 M Tris-HCl pH 6.8 by using a transfer pipette over a 
weigh boat and disposing of waste in the appropriate container. 
14. One drop of ProLong Gold anifade reagent was placed onto the stain with a 
transfer pipette.   
15. The coverslip was carefully lowered onto the sample.   
16. The preparation was allowed to cure for 24 hours on a flat surface in the dark 
(slide was placed in closed drawer).   
17. The coverslip was then sealed with clear nail polish on all edges and allowed to 
dry. 
 
Use of SDS to Lyse Cells 
 SDS was used prior to the reducing agent to lyse the cell membranes.  The slides 
were prepared using the following method: 
1. To lyse the cells, 40 µL of SDS was pipetted onto the slide. 
2. This was allowed to incubate for 10 minutes. 
3. 1 mL of 10 mM Tris-HCl pH 6.8 was pipetted onto the slide and left on for 5 
minutes. 
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4. The slides were rinsed in 10 mM Tris-HCl pH 6.8 by using a transfer pipette over 
a weigh boat and disposing of waste in the appropriate container. 
5. To break disulfide bonds, 40 µL of TCEP was pipetted onto the slide. 
6.  This was allowed to incubate for 20 minutes at room temperature.   
7. 1 mL of PBS pH 6.8 was pipetted onto the slide and left on for 5 minutes.   
8. The slides were rinsed in PBS by using a transfer pipette over a weigh boat and 
disposing of waste in the appropriate container.  
9. 40 µL of 10 µM DACM working solution was pipetted onto the slide.   
10. This was allowed to incubate for 15 minutes protected from light (slides were 
placed in a closed drawer).   
11. 1 mL of 0.1 M Tris-HCl pH 6.8 was pipetted onto the slide and left on for 5 
minutes.  
12. The slides were rinsed in 0.1 M Tris-HCl pH 6.8 by using a transfer pipette over a 
weigh boat and disposing of waste in the appropriate container. 
13. One drop of ProLong Gold anifade reagent was placed onto the stain with a 
transfer pipette.   
14. The coverslip was carefully lowered onto the sample.   
15. The preparation was allowed to cure for 24 hours on a flat surface in the dark 
(slide was placed in closed drawer).   
16. The coverslip was then sealed with clear nail polish on all edges and allowed to 
dry. 
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Use of DTT as a Reducing Reagent 
1. The slides were labeled: 
a. DTT + DACM 
b. SDS + DTT + DACM 
2. To the slides using SDS: 
i. 40 µL of SDS was pipetted onto the slide. 
ii. This was allowed to incubate for 10 minutes. 
iii. 1 mL of 10 mM Tris-HCl pH 6.8 was pipetted onto the slide and 
left on for 5 minutes. 
iv. The slides were rinsed in 10 mM Tris-HCl pH 6.8 by using a 
transfer pipette over a weigh boat and disposing of waste in the 
appropriate container. 
3. To break disulfide bonds, 40 µL of DTT was pipetted onto the slide. 
4.  This was allowed to incubate for 20 minutes at room temperature.   
5. 1 mL of 10 mM Tris-HCl pH 6.8 was pipetted onto the slide and left on for 5 
minutes.   
6. The slides were rinsed in 10 mM Tris-HCl pH 6.8 by using a transfer pipette over 
a weigh boat and disposing of waste in the appropriate container.  
7. 40 µL of 10 µM DACM working solution was pipetted onto the slide.   
8. This was allowed to incubate for 15 minutes protected from light (slides were 
placed in a closed drawer).   
60 
9. 1 mL of 0.1 M Tris-HCl pH 6.8 was pipetted onto the slide and left on for 5 
minutes.  
10. The slides were rinsed in 0.1 M Tris-HCl pH 6.8 by using a transfer pipette over a 
weigh boat and disposing of waste in the appropriate container. 
11. One drop of ProLong Gold anifade reagent was placed onto the stain with a 
transfer pipette.   
12. The coverslip was carefully lowered onto the sample.   
13. The preparation was allowed to cure for 24 hours on a flat surface in the dark 
(slide was placed in closed drawer).   
14. The coverslip was then sealed with clear nail polish on all edges and allowed to 
dry. 
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